A novel electrostatically actuated valveless micropump is presented whereby an actuation voltage is applied across a working fluid, which takes advantage of the higher relative electrical permittivity of water and many other fluids with respect to air. The device is fabricated in silicon and the diaphragm is made of electroplated nickel, while the assembly is carried out using flip-chip bonding. A reduced-order model is used to describe the micropump's performance in terms of electrical properties of the fluid, the residual stress in the diaphragm, geometrical features and the actuation voltage. The tested prototype featured a ∼1 µl min −1 flow rate at 50 V actuation voltage. The model predictions show the possibility of achieving flow rates >1 µl min −1 with the actuation voltage <10 V for devices with 3 mm diaphragm size.
Introduction
Microelectrofluidic systems have been the object of research interest for over two decades, due to their potential to revolutionize the fields of chemical analysis and synthesis as well as their numerous useful biomedical applications. Their benefit stems from their miniaturization (feature size usually ranges from tens of microns to several millimeters), entailing low volume of the working fluid (e.g. chemical sample), precise fluid handling and low fabrication cost. Such systems usually involve injection, transport and detection of chemical samples or biological cells. Sample injection and transport is usually performed by a micropump. A micropump can also be used as a standalone device for various applications such as internal drug delivery. There exists a plethora of different micropump designs based on various actuation principles [1, 2] . Each actuation principle has its own merits in terms of cost, performance and ease of integration. Among the diaphragm micropumps, where the movement of the diaphragm induces pressure changes in the liquid chamber, the actuation principles mainly used are piezoelectric [3] [4] [5] , electrostatic [6] , thermopneumatic [7] and shape-memory alloy [8] . Electrostatic actuation has been widely used in all kinds of sensors and actuators, mainly due to its integration compatibility with the CMOS technology. Pumps based on electrostatic actuation have one of the electrodes movable and acting as a diaphragm. In the configurations proposed so far, the space between the electrodes is free and isolated from the working fluid. This renders fabrication of the device more complicated and costly. This paper presents the first attempt [9] to fabricate an electrostatic micropump whereby the field is applied across the working fluid. In the case of water being the working liquid, the design takes advantage of the high electric permittivity of DI water (ε r = 80) as well as its low conductivity. There are a number of other liquids which exhibit high electric permittivity and low conductivity, such as glycerine or ethyl alcohol (with permittivities of 40 and 25 respectively). As the electric field is applied across the pump chamber, the electrostatic force acting on the diaphragm is directly proportional to the working fluid electric permittivity. Thus, the higher the permittivity the higher the force and the pumping rate, for Figure 1 . Two basic electrostatic micropump configurations: (a) the existing one with the electric field applied across an air gap above the pump chamber and (b) currently considered with the electric field applied across the pump chamber.
a given actuation voltage. Due to this advantage, even for relatively large distances between the electrodes the generated force is high enough to induce pumping. On the other hand, this effect enables scaling down of the operating voltage while maintaining a reasonable flow rate. The dynamic passive valves [10] [11] [12] take advantage of direction-dependent flow resistance through converging/ diverging channels. They do not require any moving parts and this increases their reliability. Moreover, in the case of pumping fluids containing particles such as biological cells, the potential risk of blocking the valve by particles is reduced with respect to flap or ring valves. In addition, their fabrication is simple and straightforward.
Working principle and electromechanical model of the micropump
Two basic configurations of electrostatic micropumps are shown in figure 1 . Figure 1 (a) depicts the concept of one of the existing designs [6, 13] wherein the actuation signal pulls the diaphragm (bottom electrode) up and sucks the liquid into the chamber. The release of the voltage causes return of the diaphragm to its initial position and pushes the liquid out of the chamber. The voltage is applied between an air gap of several microns. The device presented in [6] was of 7 × 7 × 2 mm size. The electric field was applied across an air gap above the pump chamber. The advantage of this approach is that the working fluid does not come under the influence of the applied electric field thus both conductive and non-conductive fluids can be pumped in this way. The price, however, is the cost and complexity of the device due to the need to create an isolated air gap above the pump chamber. In [6] it necessitated using four silicon wafers. Figure 1 (b) depicts the concept of the device presented in this paper. The electric field is applied across the pump chamber and the working fluid. Upon application of the voltage, the diaphragm deflects downward and the liquid is pushed out of the chamber. Upon release of the voltage, the diaphragm returns to its previous position and the liquid is sucked into the chamber. The rectification of the flow is accomplished by direction-dependent fluidic resistance of the dynamic passive valves [10, 11] .
The main advantage of such a design is its simplicity and low fabrication cost (in this case only two silicon wafers were used). The price, however, is the limitation of the device to pumping non-conductive liquids. Moreover, appropriate materials and operating parameters must be carefully selected to avoid problems such as bubble formation due to electrolysis (see below).
The ac driving signal should be symmetric with regard to ground level in order to minimize charging problems in the dielectric layer covering the bottom electrode. The presence of ions in the liquid may compromise the device's performance and reliability; therefore, non-conductive liquids should be used. In order to avoid nickel ions penetrating into the liquid, the nickel diaphragm can be isolated from the liquid by covering it with an insulating barrier layer such as PECVD nitride, which can be readily integrated into the fabrication process. This will also minimize the potential nickel corrosion problem.
The diaphragm is made of electroplated metal (in this case nickel), while the rest of the pump is made of silicon.
In the case of pumping DI water the issue of electrolysis is eliminated by appropriately applying ac voltage and designing large actuating electrodes, which establish a large double layer capacitance. DI water is a poorly conductive medium (its resistivity is 18 M cm). Under ac operation and a large double layer capacitance, the voltage drop across the double layer is very small thus avoiding the electrolysis problem (see section 4).
Reduced order modeling is used to predict the pump's performance in terms of the device's geometry, actuation voltage, residual stress in the diaphragm and the electrical properties of the working fluid. The main goal of the modeling is to investigate the viability of the device for nl min −1 and µl min −1 flow applications. Small deflection diaphragm movement is assumed. It has been confirmed by the interferometric measurements of diaphragm deflection that for the specific geometrical design the space and the actuation voltage range is used in the model, such an assumption is correct. Incompressible flow has been assumed. Structuralfluidic coupling P = f (w) between the diaphragm deflection w and the chamber pressure P is taken after [14] .
Small deflection diaphragm movement is given by
where E, h, µ, w, ρ m , σ r and F are the Young modulus, thickness, Poisson ratio, displacement, density, residual stress of the diaphragm and the resultant force per unit area acting on the diaphragm, respectively. In our specific case this equation takes the form
where U sin ωt, P, g, ε 0 and ε l are the applied sinusoidal voltage with the angular frequency ω, pressure in the chamber, nominal gap and electrical permittivities of vacuum and the liquid, respectively. The first term on the right-hand side of equation (2) represents the electrostatic force per unit area acting on a differential area of the pump diaphragm at a distance g − w from the bottom electrode. The term itself is derived from the electrostatic force per unit area between two parallel plates with sinusoidally varying voltage between them. The nozzle and diffuser equations are given by (3a) and (3b):
where
, ξ n and ρ l are the inlet and outlet pressure, diffuser and nozzle flow rate, diffuser/nozzle minimal cross-section area, diffuser and nozzle pressure loss coefficients and liquid density, respectively. Assuming the case p in = p out (equal inlet and outlet pressures) and using the continuity relation
where V is the time-dependent chamber volume. With equations (1)- (3) one can arrive at equation (4), which expresses chamber pressure in terms of diaphragm deflection.
Then, substituting (4) into (2) one arrives at (5) where the diaphragm deflection w is the only unknown:
We assume the deflection to be w(x, y, t) = H (t) * s(x, y), where H (t) is the time-dependent amplitude and s(x, y) is the shape function. The separation of time-and space-dependent terms is based on the fact that the shape of the diaphragm is not dependent on the amplitude of the excitation force. Substituting for s(x, y) a harmonic function of the form [15] :
y , the order of equation (5) is reduced to 2, where L is half the size of the diaphragm. Thus, the resultant equation is in the form
Solving equation (5) numerically, one obtains timedependent deflection of the diaphragm. Knowing w, one can obtain pressure in the chamber and the flow rates from equation (3) and the continuity relation. The model assumes uniform pressure across the pump chamber. The values of the diffuser and nozzle pressure loss coefficients ξ d , ξ n are taken from the available literature data [10] .
The model is used to predict the trends of dynamic pump frequency response in terms of its geometry, residual stress in the diaphragm and electrical properties of the fluid (the electrical permittivity of water is 80). If it is not mentioned otherwise, the simulated device geometry was 5 mm square diaphragm, the diaphragm thickness and the nominal gap 50 µm, the inlet and outlet size 50 µm and the actuation voltage 50 V. Net pumping (flow) rate Q = Q n -Q d was the looked-for value. The operating frequency was the frequency of the actuation voltage (U sin ωt). Figure 2 shows the dependence of the electrical permittivity of the working fluid on the flow rate. The electrical relative permittivities were in the range 1-100, the lower value corresponding to the permittivity of air and the upper one being above the permittivity of water (ε r = 80). The monotonic increase in the flow rate with increasing permittivity is clearly seen for the entire frequency range. The change of the electrical properties of the fluid does not affect the resonance condition. Thus, the higher the electrical permittivity of the liquid, the fuller the advantage taken of the operating principle of the micropump.
The effect of the residual stress in the diaphragm on the flow rate is shown in figure 3 . As seen from equation (1), the residual stress contributes to the diaphragm's stiffness. The higher the residual tensile stress, the higher the stiffness and the resonance frequency. The clear shift in the resonance frequency with increasing residual tensile stress values is seen. The effect of the tensile stress value on the pump's performance depends on the diaphragm stiffness (i.e. thickness and size). As seen in figure 3 , for diaphragms 50 µm thick, stress values below 20 MPa have negligible influence on the flow rate. The residual stress is usually dependent on the diaphragm electroplating conditions and the type of metal used. In order to achieve similar flow rates for the devices with different residual stress values, the operating frequency should be adjusted to each particular case. As seen in figure 3, higher stress values imply higher driving frequencies to maintain constant flow rate. The illustration of the influence of the nominal gap and the diaphragm thickness on the flow rate is shown in figures 4 and 5, respectively. As expected from equation (2), the increase of the gap will decrease the flow rate in a nonlinear manner. Also, the smaller the gap, the less pronounced the resonance effect (the flow rate characteristic in figure 4 becomes 'flatter'). This is attributed to the increased damping effect of the diaphragm movement with decreasing gap.
The increase of the thickness of the diaphragm increases the stiffness of the system (increased resonance frequency) and inversely affects diaphragm deflection, thus limiting the flow rate for a given frequency, as seen in figure 5 . It has a similar effect to the residual stress in the diaphragm as shown in figure 3 . Figure 6 shows the dependence of the pumping rate for different actuation voltage amplitudes for the 3 mm size device with the nickel diaphragm thickness and nominal gap 20 µm. Water was assumed to be the working liquid. It can be seen that it should be possible to achieve flow rates >1 µl min 
Fabrication
The device fabrication process flow is shown in figure 7 . Two silicon wafers with 300Å/1000Å-1500Å thermal oxide/LPCVD nitride layers are used, respectively, and are referred to as the cavity and valve wafers (figures 7(a) and ( f )). The processing of the cavity wafer is as follows: subsequent to photolithography and plasma nitride etching, the cavity recess is etched followed by cavity etching ( figure 7(b) ). The recess increases the strength of the structure as described below. The remaining silicon thickness is 30-50 µm. Subsequent to etching, a Ti/Au 300Å/1500Å sandwich is evaporated on both wafers at 100
• C ( figure 7(c) ). Elevated temperature during evaporation improves film adhesion.
The evaporation provides a seed layer for subsequent nickel electroplating ( figure 7(d) ). The electroplating solution used was Lectronic 10-03 sulfamate RFU, Amza. The thickness of the nickel determines the thickness of the diaphragm. The electroplating current density was in the range 15-50 mA cm -2 . Subsequently, in order to release the nickel diaphragm, the remaining silicon is removed from the back of the wafer by plasma etching ( figure 7(e) ).
Processing of the valve wafer is as follows. Subsequent to two-sided photolithography and plasma nitride etching the valves are wet etched in KOH solution ( figure 7(g) ). The thickness of the valve wafer determines the size of the inlet and outlet. Subsequent to etching, a Ti/Au 300Å/1500Å sandwich is evaporated at 100
• C ( figure 7(h) ). It serves as the bottom electrode. A PECVD nitride layer 5000Å thick is grown ( figure 7(i) ) to provide electrode isolation. Next, the photoresist ring is patterned ( figure 7(j ) ). The ring assures control of the distance between the electrodes and prevents glue spilling during assembly. The photoresist thickness was in the range 5-20 µm. Different kinds of photoresists were used; for shallower <10 µm ring AZ 1828 was spun at speeds 2000-5000 rpm. For higher rings AZ 2035 was spun at 4000 rpm resulting in 20 µm thickness. The nominal gap between the electrodes is the sum of the cavity depth and the photoresist ring thickness.
After separating the chips from both wafers, flip-chip bonding was performed between the valve and the cavity chips ( figure 7(k) ). M10 RDA flip-chip bonder was used. Prior to bonding, non-conductive epoxy glue was dispensed inside the photoresist ring on the valve chips. Flip-chip bonding enables both chips to be aligned with several micron precision in the lateral direction and to permanently bond them by curing the epoxy glue under the applied weight which is controlled with several gram resolution. The uniformity of the bonded surfaces is determined by the flatness of the bonding tool and is of the order of ±1 µm.
In the initial stage of the work, the cavity chips were etched from one side only, without etching the cavity recess ( figure 7(c) ). However, in the case of shallow cavities, the chip was very fragile and often broke due to thermal stresses during flip-chip assembly. Those stresses arise from thermal coefficient mismatch between nickel and silicon (during chip assembly the temperature rises to 150
• C). As nickel thickness was comparable to the overall chip thickness for shallower cavities, the stresses were high enough to break the overall structure. That is why in order to increase chip's thickness, and thereby its strength, the cavity recess was etched.
Besides nickel, electroplated gold was used as the diaphragm material. A photograph of a 5 mm cavity and valve chips is shown in figure 8 . The photoresist ring is seen on the valve chip and the back of the diaphragm as well as the cavity recess is seen on the cavity chip. The residues of silicon after silicon backside removal are seen on the diaphragm area. Also, the backside of the chip is considerably roughened after prolonged dry etching. Figure 9 shows diaphragm deflection as a function of the applied voltage for a 3 mm rectangular, 7 µm thick gold diaphragm. The nominal gap was 85-90 µm The measurements were performed in air using a Polytec vibrometer. The tensile stress in the nickel diaphragm was measured using the x-ray diffraction method and was found to be 227 MPa.
Testing
A successfully tested micropump prototype was a 5 mm size device, with a diaphragm thickness of 60 µm and the nominal gap was 63 µm. De-ionized water was used as the pumping liquid. The measured voltage amplitude between the electrodes was 50 V (the applied voltage was higher but due to the presence of the electrical leak the actual voltage was 50 V) and the signal frequency was 1.83 kHz. The frequency was much below the simulated resonance frequency of the device (6.1 kHz). The inlet and outlet dimensions were 54 µm and 78 µm, respectively. Testing of a pump prototype was carried out at equal inlet and outlet pressures. The movement of the liquid meniscus in a 1 mm pipe was the gauge of the flow rate. The measured flow rate was about 1 µl min −1 while the simulated value for the device with the above diaphragm stress value was 1.44 µl min −1 . The discrepancy between the two values is mainly attributed both to the several micron larger nominal gap in the measured device than the one taken into account in the model, and the fact that the model does not account for the fluidic resistance of the connecting pipes. As seen in figure 4 , a 20 µm gap increase above the 60 µm nominal value can cause over 50% change in the flow rate at frequencies lower than the resonance. Due to epoxy failure during testing between the chip and the interface, a leak occurred and no further testing was possible. No bubble generation was observed during the device's operation. In contrast, several other devices exhibited air bubble generation during operation, usually at higher voltage values. These bubbles were sometimes preceded by a short phase of proper pumping, thus rendering it difficult to determine the flow rate. The source of the bubbles is likely to be electrolysis. The bubble formation cannot be attributed to the cavitation effect as it also occurred at lower frequencies. The difference between the 'bubble-less' tested device and the devices with bubbles was the nozzle aspect ratio (nozzle height/narrowest width).
In the former case this ratio was >4 while in the latter it was about 2, which is close to the minimal value of 1.5 [11] required for the nozzle to rectify the flow. Prior to testing, the devices were flushed with isopropyl alcohol in order to prevent air trapping.
Summary
A novel electrostatically actuated micropump has been presented. The electric field is applied across the working fluid, thus taking advantage of the high relative electric permittivity of liquids such as water. In this approach, a significantly larger actuation force is obtained for a given applied voltage. However, this design introduces several requirements regarding the operating parameters and the choice of appropriate materials. In particular, the pump is suitable only for poorly conductive liquids. In addition, an ac voltage must be applied and the surface area of the electrodes should be large to increase the double layer capacitance and thus reduce the possibility of electrolysis. The device is made of silicon with the diaphragm being made of electroplated nickel. The assembly is carried out by means of flip-chip bonding. A device with 5 mm size, 60 µm thick diaphragm and 63 µm nominal gap exhibited ∼1 µl min −1 flow rate at no differential pressure. A reduced-order model has been used to predict the device's performance. The model takes into account the residual stress in the diaphragm. According to the model's prediction, the flow rate for the above device was 1.44 µl min −1 . The discrepancy between the model and the measurement is attributed mainly to the several micron difference between the nominal gap assumed in the model and based on the device's geometry before assembly and the actual one after assembly, as well as the fluidic resistance of the pipes which is omitted in the model.
It may be concluded that the electrostatically actuated micropumps with diaphragm size 3-5 mm, nominal gap and nickel diaphragm thickness 20-60 µm, actuated with voltage 50-100 V, exhibit pumping flow rates in the range of 1-100 µl min −1 with DI water as the working fluid. The pumping flow rate strongly depends on the electrical characteristics of the working fluid. According to model predictions, it should be possible to achieve water pumping rates >1 µl min −1 with the actuation voltage <10 V for 3 mm diaphragm size devices.
